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receptors) immune systems underscores its critical role
in expanding immune surveillance as well as the impor-
tance of understanding this phenomenon at the molecu-
lar level.
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361Some Nuts Are Tougher
to Crack than Others
In this issue of Immunity, Oestreich et al. (2006) show
that, during V(D)J recombination, RSSs may have dis-
tinct accessibility requirements. Some rely on an en-
hancer-intrinsic, general chromatin opening function,
whereas others require enhancer-promoter interac-
tions that direct local chromatin remodeling.
The antigen receptor repertoires of T and B lympho-
cytes are generated by the process of V(D)J recombina-
tion, which assembles mature T cell receptor (TCR) and
immunoglobulin (Ig) genes from variable (V), diversity
(D), and joining (J) gene segments during the early
stages of lymphocyte development. Individual TCR
and Ig loci are subject to distinct programs of V(D)J
recombination events, which vary as a function of lym-
phocyte lineage and developmental stage. Understand-
ing the basis for this regulation has been a longstanding
goal of molecular immunologists.
V(D)J recombination is initiated by the recombinase-
activating gene (RAG) proteins, which recognize recom-
bination signal sequences (RSSs) that flank TCR and Ig
coding gene segments. It has long been appreciated
that the developmental regulation of V(D)J recombina-
tion occurs primarily through changes in the accessibil-
ity of RSS substrates to the RAG proteins (Stanhope-
Baker et al., 1996). RSSs are facile substrates for RAG
proteins when present on naked DNA in vitro. However,
in lymphocyte nuclei in vivo, RSSs are embedded within
chromatin, a highly organized and highly compacted nu-
cleoprotein complex. Chromatin-embedded RSSs are
intrinsically inaccessible to RAG and require changes
in chromatin structure so that they can participate in
the V(D)J recombination reaction in vivo. Many lines of
evidence implicate cis-acting transcriptional regulatoryelements of antigen receptor loci, including enhancers
and promoters, as developmental regulators of both
V(D)J recombination and chromatin structure. However,
in molecular terms, what does it really take to make an
RSS accessible? How do enhancer and promoter ele-
ments accomplish this? The study by Oestreich et al.
(2006) in this issue of Immunity moves us several steps
closer to understanding these issues.
The initial step in TCRb recombination involves Db and
Jb segments situated within the 30 portion of the TCRb lo-
cus (Figure 1). Db1 can rearrange to any of six Jb1 gene
segments, and Db2 can rearrange to any of six functional
Jb2 gene segments. Previous gene targeting experi-
ments had shown that the TCRb enhancer (Eb), situated
30 of Cb2, was required for substantial levels of either
Db1-Jb1 or Db2-Jb2 rearrangement (Bouvier et al.,
1996). A promoter tightly juxtaposed with Db1 (PDb1)
was found to be essential for Db1-Jb1 rearrangement but
irrelevant for Db2-Jb2 rearrangement (Whitehurst et al.,
2000). An analogous promoter associated with Db2 is
likely critical for Db2-Jb2 rearrangement, but this has
yet to be demonstrated experimentally. Nevertheless it
is clear from the above that Db1-Jb1 rearrangement de-
pends on cooperation between Eb, which must act over
a distance of 15 kb, and PDb1, which acts more locally.
Oestreich et al. (2006) began their study with a detailed
analysis of chromatin structure across the Db and Jb
segments in mice carrrying wild-type TCRb alleles or
alleles lacking either PDb1 or Eb. As a surrogate for
RSS accessibility to RAG, they measured the accessibil-
ity of defined restriction sites to digestion with restriction
enzymes introduced into permeabilized nuclei of imma-
ture thymocytes. As expected, they found that a HinF1
site in the Db1 RSS could only be cleaved efficiently in
the presence of both PDb1 and Eb. However, at a series
of other restriction sites extending from a point only
a few nucleosomes downstream of the Db1 RSS to the
Jb1.6 RSS, accessibility was highly dependent on Eb
but minimally dependent on PDb1. These conclusions
Immunity
362Figure 1. Distinct Accessibility Requirements
for TCRb Locus D and J Gene Segments
The initial step in V(D)J recombination at the
TCRb locus is Db to Jb. Oestreich et al.
(2006) show that Jb1 segments are made ac-
cessible to the recombinase through an in-
trinsic chromatin opening activity of the TCRb
enhancer (Eb), whereas the Db1 segment is
made accessible as a result of cooperation
between Eb and promoter PDb1. The diagram
depicts a hypothetical mechanism by which
Eb might modify Jb accessibility, namely by
tracking along the DNA in the direction of
PDb1. Oestreich et al. demonstrate a stable
physical interaction between Eb and PDb1,
with looping of the intervening DNA. This
physical interaction is thought to be required for localized chromatin remodeling and accessibility at Db1. Although not depicted here, acces-
sibility at Db2 is likely to be generated by a similar interaction between Eb and PDb2. RSSs with 23 bp and 12 bp spacers are depicted as red
and blue triangles, respectively. Enhancer and promoter bound transcription and chromatin remodeling factors are depicted as colored ovals.were supported by the results of chromatin immunopre-
cipitation experiments that showed the acetylation of
histone H3 to require both PDb1 and Eb at Db1 but to
depend primarily on Eb per se at downstream sites.
Thus, the requirements to generate accessibility at Db
and Jb segments appear to be distinct (Figure 1).
Oestreich et al. (2006) then undertook two comple-
mentary approaches to probe the mechanism of Eb-
PDb1 collaboration at Db1. Previous work had shown
that Eb promotes the loading of transcription and chro-
matin remodeling factors at PDb1 (Spicuglia et al.,
2002). In the current work, the authors present evidence
that the loading of these factors reflects the formation of
a stable complex between Eb and PDb1, with looping of
the intervening DNA segment (Figure 1). They used
formaldehyde crosslinking and chromatin immunopre-
cipitation to show that Eb bound factors could be found
in association with PDb1 and, reciprocally, that PDb1
bound factors could be found in association with Eb.
Moreover, they used the chromosome conformation
capture (3C) technique (Tolhuis et al., 2002) to identify
Eb-PDb1 complexes in a more direct fashion. In this ap-
proach, formaldehyde crosslinking is used to capture in-
teractions of proteins bound to distant DNA sequences
in live cells. Following restriction enzyme digestion of
crosslinked nucleoprotein complexes and ligation of
free DNA ends under conditions that favor intramolecu-
lar interactions, PCR is conducted using primers that
anneal to sites that are normally distant in the linear
DNA sequence. Successful PCR amplification requires
that the distant DNA segments were close enough in
three-dimensional space in vivo to be captured during
the initial crosslinking and ligation steps. These experi-
ments showed Eb to form stable complexes with PDb1
and PDb2 but not with upstream and downstream sites
(ie., with looping of the intervening DNA).
These results point to distinct requirements for ac-
cessibility at Db and Jb segments, and distinct mecha-
nisms by which Eb generates these accessible states.
With respect to accessibility requirements, it appears
that greater force must be marshalled to provide Db
as compared to Jb accessibility. The fact that an intrin-
sic activity of Eb can modulate chromatin structure over
an extended distance, but not in the immediate vicinity
of Db1, implies a repressive influence that acts locally at
Db1 and that requires Eb-PDb1 interaction to beovercome. Indeed, prior work documented Eb-indepen-
dent factor binding in the vicinity of Db1 in vivo that
might form the basis for such repression (Spicuglia
et al., 2002). It is also possible that distinct properties
of the underlying DNA sequence might make Db1 nucle-
osomes intrinsically less mobile that those in the Jb re-
gion. The Eb-PDb1 interaction occurs with recruitment
of histone acetyltransferases and ATP-dependent chro-
matin remodeling enzymes that are expected to disrupt
chromatin structure locally. These structural changes
might include the partial or complete disassembly of
promoter nucleosomes or their repositioning along the
DNA (Mellor, 2005). A better understanding of accessi-
bility at Db1 will necessitate thorough examination of
nucleosome position and composition in the presence
or absence of Eb and PDb1, and a more complete de-
scription of the assembled protein complex. The above
notwithstanding, it is noteworthy that the DPDb1 allele
analyzed by Oestreich et al. (2006) eliminates a 3.6 kb
region that includes two DNase I hypersensitive sites
upstream of the core promoter. Since these sites appar-
ently contribute to Db1 accessibility (Whitehurst et al.,
2000), the binary Eb-PDb1 interaction described by
Oestreich et al. may be only part of the story.
The basis for the intrinsic activity of Eb is far from cer-
tain. The authors suggest a reasonable explanation—
that Eb bound factors find PDb1 not by random colli-
sion, but by tracking along (or from the perspective of
Eb, reeling in) the DNA—and that these transient inter-
actions result in regional modifications to chromatin
structure (Figure 1). One issue raised by such a model
is that, although Eb should inevitably run into PDb2 first,
there is no evidence indicating that PDb2 is activated
prior to PDb1. Rather, the opposite is more likely true,
suggesting that PDb2 may be bypassed early in devel-
opment pending the induction of factors critical for sta-
ble Eb-PDb2 interaction. As one alternative to tracking,
linking models of enhancer function propose that there
are activating effects of the enhancer that are propa-
gated along chromatin, somewhat analogous to the
well-documented spreading of repressive chromatin. In-
deed there is precedent for regional propagation of chro-
matin modifications initiated by a tethered histone ace-
tyltransferase—at least over 1–2 kb (Yu et al., 2006). A
quite distinct intrinsic role for Eb would be in reposi-
tioning the TCRb locus in thymocyte nuclei. Individual
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363chromosomes are organized into discrete chromosome
territories in the interphase nucleus. Genes that are tran-
scriptionally active or poised for activation often loop
away from the chromosome territory to associate with
sites that are rich in transcription factors, and such
changes in subnuclear environment, directed by en-
hancers and locus control regions (Ragoczy et al., 2003),
may themselves influence locus chromatin structure.
Finally, although not directly addressed by the au-
thors, there may be more than one step in locus activa-
tion that is dependent on Eb-PDb1 interaction. Oestreich
et al. (2006) note that, although Jb accessibility is sub-
stantial on the DPDb1 allele, it is reduced by about 50%
compared to wild-type. Perhaps, in addition to locally
disrupting chromatin structure at Db1, Eb-PDb1 interac-
tion can potentiate accessibility at the downstream Jb
segments due to transcriptional elongation by RNA pol
II and associated chromatin remodeling factors (Kristju-
han and Svejstrup, 2004). In summary, chromatin remod-
eling across the Db and Jb segments may be multi-
layered, with Jb segments initially modified by Eb as it
directs a change in subnuclear environment and then
reels in PDb1 and with Eb-PDb1 interaction finally crack-
ing open Db1, stimulating transcription, and, as a conse-
quence, enhancing access to Jb segments. Although
many pieces of the accessibility puzzle still remain, it may
be at the TCRb locus where they are finally assembled.Immunity 24, April 2006 ª2006 Elsevier Inc. DOI 10.1016/j.immuni.2006.04.00
PGRP-LB Minds the Fort
Peptidoglycan recognition proteins (PGRPs) are
a class of molecules that play a critical role in Dro-
sophila immunity. In this issue of Immunity, Zaid-
man-Re´my et al. (2006) show that PGRP-LB controls
systemic immune responses as well as homeostasis
at the barrier surfaces.
Host defense to microbial challenge in Drosophila relies
on the efficient mounting of an innate immune response,
which is based in part on the induction of antimicrobial
peptides. These cationic peptides are released into the
circulation of the animal and destroy invading microor-
ganisms by disrupting the cell membrane. In the case
of infections by fungi or bacteria, it has been clearly
demonstrated that this humoral response depends
upon the activation of Toll (fungi and gram-positive bac-
teria) and IMD pathways (gram-negative bacteria) (Tanji
and Ip, 2005). Recent understanding of innate immunity
in Drosophila came with the identification of a family of
pattern-recognition receptors, called peptidoglycan
recognition proteins (PGRPs), which are involved in
the detection of bacteria (Tanji and Ip, 2005). PGRPs
are proteins that function upstream of the Toll and
IMD pathways to recognize and bind to peptidoglycan,
a macromolecule present in the cell wall of virtually allMichael S. Krangel,1 Juan Carabana,1 and
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bacteria. PGRPs direct the activation of Toll or IMD on
the basis of their ability to discriminate between the
peptidoglycans from either gram-positive or gram-neg-
ative bacteria (Leulier et al., 2003). Indeed, peptidogly-
can from most gram-negative bacteria contains diami-
nopilemic acid (DAP) in the peptide portion of this
complex molecule, while most gram-positive bacterial
peptidoglycan contains lysine (Lys) instead of DAP.
Two PGRPs, termed PGRP-SA and PGRP-SD, detect
gram-positive bacterial-associated Lys-type peptido-
glycan and activate the Toll pathway. On the other hand,
PGRP-LC and PGRP-LE detect the DAP-type peptido-
glycan that is associated most often with gram-negative
bacteria and trigger the IMD pathway (Tanji and Ip,
2005). The activation of these different pathways medi-
ated by PGRPs thereby mounts an antimicrobial re-
sponse that is more or less tailored to the type of
infection.
Strikingly, this concept of recognizing peptidoglycan
based on differences in the stem peptide has been car-
ried over in mammals. The Nod proteins, Nod1 and
Nod2, also detect peptidoglycan, and their sensing
specificities rely on recognizing distinct motifs within
this complex molecule (Girardin et al., 2003). Like
PGRP-LC, Nod1 specifically senses DAP-containing
peptidoglycan and, consequently, is more specific for
sensing gram-negative bacterial infections. Nod2, on
the other hand, can recognize all types of bacteria since
